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T he human vasculature undergoes significant morphological and functional changes throughout life. Arteries stiffen with advancing age, leading to increased systolic blood pressure (SBP) and pulse pressure, which affects ventricularvascular coupling and may result in myocardial dysfunction. Substantial evidence has accumulated to show that intimamedia thickness (IMT) of the carotid artery and different measures of arterial stiffness predict clinical vascular disease in adults. 1, 2 Although it is recognized that vascular disease starts early in life and may be even in utero, 3 only little is known about the morphological and functional development of arterial walls during childhood. Furthermore, various inflammatory, metabolic, and congenital conditions may acutely and chronically alter the normal function and structure of arteries, such as Kawasaki disease, juvenile diabetes mellitus, renal disease, arterial hypertension, genetic disorders, and congenital heart disease. [4] [5] [6] [7] [8] To detect early vascular abnormalities, a better understanding of the arterial structure and function in the healthy child is required. In a recently published validation study, we have demonstrated that very-high-resolution ultrasound systems (VHRU) with 25-to 55-MHz transducers allow imaging of blood vessels of various dimensions, with an axial resolution of 30 to 50 µm. 9, 10 Unlike conventional vascular ultrasound, noninvasive VHRU provides the opportunity to image superficial elastic and muscular arteries of all sizes and at all ages in hitherto unexplored detail.
The primary aim of this cross-sectional study was to generate age-specific and body size-specific reference data of carotid and peripheral muscular arterial lumen and wall layer dimensions in healthy children between 0 and 18 years of age using VHRU. Secondary aims were to determine the relationships between arterial wall structure and function, sex, body surface area (BSA), blood pressure (BP), and left ventricular (LV) mass. exclusion of cardiovascular anomalies by clinical examination and echocardiography. None of the study subjects received any medication, admitted smoking, or reported significant health problems or recent infections. Seventeen subjects were potentially exposed to daily parental smoking, and 8 subjects had a first-generation family history of diabetes mellitus, lipid disorder, or systemic hypertension requiring medication. Participation in the ethics board-approved prospective study required written informed consent before enrollment. The use of VHRU in human subjects was also approved by Health Canada.
Methods
Echocardiograms and vascular tests were performed simultaneously. In accordance with the institutional practice, sedation with oral chloral hydrate at a dose of 80 mg/kg was used for children between 3 months and 3 years of age for clinically indicated echocardiograms. The height was measured with a stadiometer to the nearest 0.1 cm and the weight with an electronic balance to the nearest 0.1 kg. BSA was calculated using the Mosteller formula. BP of both arms and the left thigh was measured by oscillometry using appropriate sized cuffs (Dinamap, Criticon, Inc, Tampa, FL) in the supine position after ≥30 minutes of rest. Three BP recordings were obtained from each limb, and the mean of the lowest 2 was used in the analyses. 
Very-High-Resolution Utrasound
A Vevo 770 ultrasound system (Visualsonics, Toronto, Canada) with commercially available mechanical 25-, 35-, and 55-MHz transducers was used for bilateral imaging of common carotid and peripheral conduit muscular arteries. The common carotid arteries were imaged 1 cm proximal to the carotid bulb; brachial arteries 2 cm proximal to the cubital skin fold; the radial and ulnar arteries 1 cm proximal to the skin fold that separates the palma manus from the anterior antebrachial region; femoral arteries at the inguinal skin fold; anterior tibial arteries proximal to the first metatarsal bone; and dorsal tibial arteries at the medial malleolar level. Femoral arteries were not assessed in 50 of the 135 subjects either because no consent/assent was obtained or the vascular imaging quality because of limited ultrasound penetration was suboptimal among teenagers. Other arteries were adequately imaged in all subjects. Two brachial arteries were excluded post hoc as outliers from analyses because of an aberrant branching pattern observed at the cubital level.
Images were obtained from vascular long-axis views that showed the largest lumen diameter (LD), with good distinction between structural interfaces and no compression of the blood vessel during image acquisition. Off-line measurements were made from stored high-quality images by a single investigator (TS), without knowledge of the anthropometric or echocardiographic data. The mean of 3 measurements for each vessel was used in the analyses. The combined IMT and combined intima-media-adventitia thickness (IMAT) were measured from the far wall with the leading edge technique during end diastole. 9 The adventitial thickness (AT) was calculated as the difference between IMT and IMAT. Circumferential arterial wall stress was calculated using the following formula: wall stress=(mean BP×diastolic LD)/2×IMAT. 13 The end-diastolic LD, right arm BP for carotid and arm arteries, and thigh BP for leg arteries were applied in the formula. IMT was used for wall thickness when calculating the carotid artery wall stress because of the inability of VHRU to accurately measure carotid IMAT. We have previously reported data on the accuracy, precision, reproducibility, and feasibility of VHRU with 25 to 55 MHz in quantifying arterial wall layers. 9, 10 Intraobserver, interobserver, and test-retest coefficients of variations (CV) were 7% to 9%, 9% to 19%, and 11% to 16%, respectively, for IMT; 5% to 8%, 8% to 11%, and 14% to 15%, respectively, for IMAT; and 15% to 19%, 20% to 25%, and 20% to 22%, respectively, for calculated AT.
Conventional Echocardiography
M-mode recordings of the LV and aorta were obtained with a Vivid 7 ultrasound system (GE Medical Systems, Horten, Norway) with 3-to 7-MHz transducers. Measurements were made offline using the Echo PAC (GE Vingmed Ultrasound, Norway) workstation. The parasternal short-axis view just below the mitral valve leaflets was used to obtain the M-mode traces. LV mass (g) and end-systolic meridional wall stress (g/cm 2 ) were calculated as previously described. [14] [15] [16] Mean BP of the right arm was used as an approximation of the LV endsystolic pressure. M-mode recordings of the ascending aorta were obtained from the parasternal long-axis view at the level of the right pulmonary artery. The abdominal aorta was visualized from the subcostal short-axis view just proximal to the branching off of the celiac trunk. 17 Aortic imaging was performed in 73 of 97 children aged 5 to 18 years. Aortic and carotid stiffness and distensibility were calculated using the following formulas: stiffness index β=ln(SBP/DBP)/((LDs-LDd)/LDd) and distensibility=(LDs-LDd)/ LDd (SBP-DBP), where SBP is right arm SBP, DBP is right arm DBP, LDs is systolic lumen dimension, and LDd is diastolic lumen dimension. 18, 19 Intraobserver, interobserver, and test-retest CVs were 15%, 19%, and 25%, for the carotid stiffness index and 15%, 17%, and 22%, for carotid distensibility. Intra-and interobserver CVs were 4% and 4% for the measurements of end-diastolic aortic LD, 25% and 26% for aortic stiffness index, and 26% and 29% for aortic distensibility.
Pulse Wave Velocity
Pulse wave velocity (PWV) recordings were obtained by applanation tonometry (SphygmoCor, AtCor Medical, Itasca, IL) at the right carotid and right radial arteries (arm PWV; n=74), between the right carotid and right femoral arteries (aortic PWV; n=74), and between the left femoral and left dorsal pedal arteries (leg PWV; n=43) in overall 97 eligible children between 5 and 18 years of age. [19] [20] [21] Younger subjects were not included because of the known difficulties in obtaining adequate tracings. The distance between sites was measured to the closest millimeter with a tape measure. Intraobserver, interobserver, and test-retest CVs were 4%, 14%, and 14% for peripheral arm PWV and 4%, 17% and 9% for central aortic PWV.
Flow-Mediated Dilation
Flow-mediated dilation (FMD) was measured in 58 subjects between 10 and 18 years of age at the end of the study, which was scheduled after a period of ≥4 hours of fasting and ≥1 hour of resting in the supine position. A 12-MHz linear-array GE transducer was attached to a stereotactic probe-holding device. An automatic edge-detection algorithm (Vascular Tools, Medical Imaging Applications, Coralville, IA) was used to acquire longitudinal (every 3 seconds), ECG-gated, end-diastolic B-mode images of the right brachial artery 3 to 5 cm above the antecubital fossa. 22 Images were not obtained in 7 of 65 eligible subjects because of the lack of sufficient cooperation or assent. Images were recorded for 1 minute before (resting diameter), for 5 minutes during pressure cuff inflation to >200 mm Hg around the forearm, and for 5 minutes after cuff deflation. Time to peak change was recorded, and FMD was calculated as the maximal absolute and percentage change in brachial artery diameter after reactive hyperemia. Our intraobserver, interobserver, and test-retest CVs were 26%, 38%, and 43% for percentage change in brachial artery diameter after reactive hyperemia.
Data Analysis
Results are reported as mean with SD, median with minimum and maximum values, ratios, and 95% CI, as appropriate. The mean of right and left vessel measurements was used in the final analyses. Student t test was used for statistical comparison between groups. Paired t test was used to compare measurements performed on different sites in the same subject. We created regression equations predicting mean values of each of the arterial structure measurements using both BSA and age as independent variables. To account for heterogeneous variances across the range of BSA and ages (the larger the value, the larger the variance), all arterial structure measurements were logarithmically transformed (natural logarithm) before fitting of the regression models. Multiple linear and nonlinear models were tested for all arterial structure measurements, and the Akaike information criterion was used to compare goodness of fit. Nonlinear third-order polynomial (β+βχ+βχ   2   +βχ 3 ) regression equations (where x is age or BSA at enrollment) had the best Akaike information criterion and was used for the final analysis. Far outliers (median±3×interquartile range) were excluded from analysis. All regression models were created for the cohort as a whole and stratified by sex.
Univariate and multiple regression analyses were performed to study the relationship among arterial LD, arterial wall layer thickness, PWV, FMD, wall stress, LV mass, age, sex, BSA, and BP. SBP consistently displayed the highest estimate compared with DBP, mean BP, and pulse pressure and was used in the final forward stepwise multiple regressions. The dependent variables (arterial wall layer thickness and LD) were entered in micrometers to make the estimates interpretable with fewer decimal places. All variables were entered as continuous measures except sex (coded as 0 for women; 1 for men). Right arm BPs were applied for LV, aortic, carotid, and arm arterial calculations and thigh BPs for leg arterial calculations. Both univariate (unadjusted) and multiple (adjusted for sex, age, BSA, and BP as independent variables) regressions are reported. Statistical analyzes were performed with SAS Statistical Software v9.2 (The SAS Institute, Cary NC) and PASW Statistics 18 (SPSS Inc, Chicago IL). Values are reported as mean±SD. The mean of right and left arterial diameters is reported. BPs are in mm Hg, arterial wall layer thicknesses and lumen diameter measurements are in millimeters in end diastole, arterial circumferential wall stress in mm Hg, distensibility in %/10mm Hg, and stiffness index (nondimensional). AT indicates adventitia thickness; BSA, body surface area; BMI, body mass index; BP, blood pressure; FMD, flow-mediated dilatation; IMT, intima-media thickness; IMAT, intima-media-adventitia thickness (ie, total wall thickness); LD, lumen diameter in end-diastole; LV, left ventricle; PWD, posterior wall dimension; EDD, luminal dimension; FS, fractional shortening; VCFc, velocity of circumferential fiber shortening corrected for heart rate; Nd, not determined; and PWV, pulse wave velocity.
*Includes 3 subjects with obesity (BMI >95th percentile for age). †n=12, ‡n=11, §n=22, || n=23, ¶n=9, #n=12, **n=23, missing values ≤−10% of reported n in all other groups. ***P<0.001, **P<0.01, and *P<0.05 right/left arm BP vs corresponding thigh BP, ascending vs abdominal aortic stiffness index or distensibility, carotid radial and femoral-anterior tibial vs carotid-femoral PWV, and carotid radial vs femoral-anterior tibial PWV (10-14 y group).
Results
Clinical characteristics of the study subjects and their key vascular findings are shown in Table 1 . All children had normal BP for sex, age, and height. BSA-adjusted LV dimensions, mass, and function were within the normal institutional reference range. Figure  2 shows VHRU image samples of proximal and distal conduit arteries of an infant, a younger child, and a teenager, respectively.
Arterial Structure, LV Mass, and Wall Stress
Compared with proximal muscular conduit arteries, the proportion of IMT to the total arterial wall thickness was consistently higher in the more distal arteries of the extremities (P<0.001; Table 1 ; Figures 2 and 3) . Furthermore, the increase in total arterial wall thickness with age was mainly related to progressive thickening of IMT. This increased more in distal than in proximal conduit arteries, and the increase in IMT was more pronounced in the lower compared with the upper extremities (Table 1 There were significant associations between arterial wall stress and IMT, AT, arterial lumen dimensions, and LV mass ( Table 2) . Exploration of the relationship between individual anthropometric characteristics and different vascular measures by univariate analyses showed significant positive associations among arterial LDs, wall layer thicknesses, and LV mass with the subject's sex, age, BSA, and regional BPs. In regression models (tables-regressions in the online-only Data Supplement), the variation in arterial IMT, proximal arterial LD, and wall stress was largely explained by a model that included BSA, sex, age, and SBP. Significantly larger aortic, carotid, and arm arterial LDs, LV mass, and arterial IMTs were observed in men compared with women even after adjustments for age, BSA, and BP (tablesregressions in the online-only Data Supplement). There was no sex difference in leg arterial lumen and wall dimensions. Age was independently associated with LDs of the abdominal aorta, the carotid and radial arteries, and IMTs of all but the carotid arteries. BSA was independently associated with LV mass, IMT and LDs of carotid, brachial, and radial arteries, and LDs of the ascending aortic and leg arteries. Finally, SBP was independently associated with carotid, femoral, and radial arterial IMT.
ATs were less well predicted by our regression models (R 2 range, 0.15-0.22), although significant associations were found for BSA with brachial and radial arterial AT and for age with the distal leg arteries in the multivariate analyses. Finally, LV posterior wall thickness and LV mass were significantly related to all arterial IMTs, with R 2 values ranging between 0.20 and 0.50 for LV posterior wall thickness and 0.35 to 0.75 for LV mass (all P<0.001). These relationships were, however, largely explained by BSA and sex as none of the relationships between wall thicknesses or mass and arterial IMTs remained significant when adjusted for BSA and sex.
Arterial Stiffness and Endothelial Function
Arm and leg PWVs were higher compared with aortic PWV. The ascending aorta stiffness was higher compared with the abdominal aorta stiffness. There were no significant sex differences in aortic stiffness indexes or PWVs. Arm 
Discussion
This study provides novel findings regarding the postnatal evolution of arterial wall morphology and function in healthy children. First, the arterial wall layer thickening observed from birth to young adulthood is predominantly related to intima-media thickening. Second, the variability of the arterial LD and IMT is largely explained by anthropometric characteristics including sex, age, BSA, and BP. Third, men have larger aortic, carotid, and arm but not leg arterial diameters compared with women. Fourth, the proportion of the IMT to the total arterial wall thickness increases from proximal to distal muscular conduit arteries. Finally, limited relationships were found among arterial stiffness, endothelial function, and arterial wall morphology in healthy young subjects.
Although the clinical assessment of IMT is more common in adults, IMT is increasingly assessed to detect early cardiovascular changes in children. 23 Indeed, carotid IMT has been proposed as a potential therapeutic target for the prevention of cardiovascular disease also in younger patient populations. 24 To date, the assessment of carotid IMT with conventional All models significant at P<0.001.
ultrasound systems with 5-to 15-MHz probes has mainly been applied to the adolescent and adult population, [25] [26] [27] [28] [29] [30] [31] [32] [33] and few data are available on IMT in newborns. 34 This is presumably related to technical limitations of standard vascular ultrasound techniques when imaging small vessels in young children.
This study using VHRU provides normal arterial wall layer thicknesses and LDs for the carotid and peripheral muscular arteries of the healthy pediatric population. Our reference data may be used to explore the arterial morphology and function in children with different congenital and acquired cardiovascular disease states and cardiovascular risk markers. The carotid LD and IMT of our healthy cohort are similar in magnitude to previously reported findings in healthy teenagers and younger children, but the age range studied is much wider. 26, 28, 29, 32 Our results suggest that the increase in arterial wall thickness with advancing childhood is predominantly related to changes in IMT. Measurements of the IMAT (ie, the total wall thickness), allowed us to calculate arterial circumferential wall stress. The strong associations between arterial wall stress and IMT suggest that the change in IMT with growth is related to the developmental changes of vascular tone and BP. As the intima represents <5% of the IMT in healthy nonatherosclerotic vessels, 9 we assume that arterial wall thickening during growth predominantly results from the thickening of the muscular medial layer. Furthermore, the strong associations between LV mass and arterial IMT provide evidence for the concept that the evolution of these structures in a healthy population is related and largely explained by sex, age, body size, and BP. Finally, our study stresses the importance of taking anthropometric factors (age, BSA, sex, BP) into account when comparing arterial wall measurements between patients and healthy controls in future studies involving children.
The PWV and brachial FMD data in our healthy pediatric cohort are similar in magnitude to previous studies. [35] [36] [37] Also comparable with the findings of others, 35, 38 FMD was mainly related to the resting brachial LD in this study. No significant sex or age differences in FMD were observed when absolute diameter changes were compared between age-matched study cohorts. 35, 38 The limited significant associations between arterial wall layer thicknesses and LDs, brachial endothelial function, or central and peripheral vascular stiffness in our study population are interesting and contradict previous observations in healthy young adults. 39 We speculate that this difference might be related to the younger age and, perhaps, the low prevalence of cardiovascular risk factors in our study population. Nevertheless, our results suggest that the variability in arterial endothelial function and stiffness is far more complex than would be expected by wall layer thickness alone.
Several limitations are acknowledged. Only healthy normotensive and nonobese children were included in the study, and the effect of hypertension and obesity in addition to puberty on vascular function and morphology was, therefore, not addressed. In a previous study, nonetheless, our group has already published data on the relationships between body mass index and BP in a teenage population with obesity and lipid disorders. 10 Cardiovascular risk factors were assessed by interview, body size, and BP measurements only. Brachial BP was used to estimate more central BP. Arterial wall layer thicknesses and LDs were related to BSA as a measure of body size, not to endorgan size. We did not attempt to obtain aortic and PWV data in the youngest age group because the accuracy of these examinations relies on patient cooperation. Although our study cohort, including all pediatric ages, represents the largest reported to date, a larger sample may be needed to define normality for the more weakly associated vascular parameters. Although all vascular function tests were obtained in accordance with published guidelines, 23, 40 the sample size of our study cohort may be insufficient to detect subtle associations between vascular morphology and function. The assessment of arterial layer thickness with electronic calipers in the smallest subjects close to the limit of axial resolution of VHRU (≈50 µm) is also inevitably related with a higher technical imprecision compared with the conventional assessment of IMT in adults.
In conclusion, VHRU is feasible in studying the arterial morphology in detail in children of all ages. We present normal reference ranges stratified by age, sex, and BSA for different arterial wall layer thicknesses and LDs in children of all ages. We show that the thickening of the arterial wall in the growing child is primarily related to the thickening of the intima-media. Arterial wall layer thicknesses and LDs are primarily affected by BSA, sex, age, and SBP. The utility of VHRU-derived reference data will need to be further assessed in patients with congenital and acquired conditions that are associated with premature cardiovascular disease.
